A variety of cell types exhibit phenotype changes in response to the mechanical stiffness of the substrate. Many cells excluding neurons display increase in spread area, actin stress fiber formation and larger focal adhesion complexes as substrate stiffness increases in sparsely populated culture. Cell proliferation is also known to directly correlate with these phenotype changes/change in substrate stiffness. Augmented spreading and proliferation on stiffer substrates require nuclear transcriptional regulator YAP (Yes associated protein) localization in cell nucleus and is tightly coupled with larger traction force generation. In this study, we show that different types of fibroblasts can exhibit spread morphology, well defined actin stress fibers, and larger focal adhesions even on very soft collagen gels (modulus in hundreds of Pascals) as if they are on hard glass substrate (modulus in GPa, several orders of magnitude higher). spreading/wetting on PA gels, form 3D structures at the edges, and eventually display a remarkable, dissociative metastasis like phenotype (MLP), i.e., epithelial to rounded morphological transition after a week of culture on PA gels only, but not on collagen monomer coated stiff polystyrene/glass where they exhibit enhanced wetting and form confluent monolayer. Here, we show that HCT-8 cell clusters also show augmented spreading/wetting on 
Introduction
In recent years it has become increasingly evident that mechanical micro-environment, i.e., substrate rigidity plays an important role in regulating cell functionalities. Cells can sense and respond to the substrate stiffness on which they are adhered to (as in two dimensional or 2D culture) or surrounded by (as in three dimensional or 3D culture). [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] By doing so, cells can modulate their differentiation, 3 morphology, [4] [5] [6] migration/motility, 9,13 bio-physical properties, 16 growth, 15 and other processes. 10, 17 Many cell types such as fibroblasts, 4 cardiac myocytes, 18 and glioma cells 19 show an increase in spread area as substrate elasticity increases in sparsely populated culture. In addition to morphology, cellular cytoskeleton organization at single cell scale is also mediated by substrate rigidity. Cells show well defined actin stress fibers on stiffer substrates only. 4, 19 Conversely, cortical actin is primarily observed on softer substrates. 4, 19 Further, cells show discrete, elongated and larger focal adhesion complexes on hard substrates. 9, 19 Whereas, small, punctate, and dot like focal adhesions are generally visualized on softer substrates. 9, 19 Cell proliferation rate also increases with increase of substrate modulus in general and is shown to be tightly coupled with enhanced traction force generation on stiffer substrates. 15 Recent discovery demonstrates important role of nuclear transcriptional regulator YAP in cellular mechanotransduction process. 20 YAP is primarily localized in cytoplasmic region in less spread cells on soft polyacrylamide gels. 20, 21 Conversely, it becomes localized primarily in nucleus in well spread cells on stiffer substrates. 20, 21 Hence, one can infer that force dependent augmented cellular spreading, well defined actin stress fibers, and focal adhesions formation are directly correlated with higher cell proliferation rate and YAP localization in cell nucleus.
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Recent experiment shows that fibroblasts can spread on soft fibrin gels of low modulus as if they are on substrates with very high modulus (glass). 22 It has been hypothesized that cell mediated local stiffening of non-linear elastic fibrin gels result augmented spreading and hence the phenomenon is force dependent. 21 This hypothesis is refuted by another recent paper which uses non-linear elastic material modeling to claim that non-linear strain stiffening alone cannot explain such spreading on fibrous soft gels. 23 However, none of these studies explored the experimental correlation of cell proliferation and nuclear transcriptional regulator YAP activity with cell morphology and detailed cytoskeleton organization. It is conceivable that if augmented spreading and hard substrate cytoarchitecture on fibrous biological gels (e.g., fibrin/collagen) are force mediated, cell proliferation on these soft gels is expected to be higher. Also, YAP must be localized in cell nucleus. Otherwise, it can be implied that cells interact with these fibrous biological gels in a unique manner that induce hard substrate like cell morphology and cytoskeleton organization without the need for high force.
In addition to single cell spreading, multicellular aggregate spreading/wetting on ECM coated substrates is mediated by substrate stiffness as well. 24 On softer substrates, cell clusters show less wetting, i.e. don't spread well. Conversely, cell clusters show enhanced wetting/spreading on stiffer substrates presumably due to increased cell-substrate adhesions compared to cell-cell adhesions. 24 The hypothesized mechanism is explained with the value of a 
Materials and methods
Collagen gel preparation
Formulation and synthesis of collagen gels were performed using a protocol described elsewhere. 26 Briefly, collagen gels were synthesized using high concentration collagen-I from rat tail (BD Biosciences, San Jose, CA). Collagen-I was diluted to two final concentrations of 2 and 4 
PA gel and functionalized glass preparation
PA gel preparation and glass cover slip activation for the covalent attachment of gels were performed following the protocols described elsewhere. [27] [28] [29] In brief, 2 kPa gel solution was Glass cover slips were chemically activated to ensure covalent binding of the hydrogel as described earlier. 28 Briefly, glass slips were treated with 3-Aminopropyltrymethoxysilane (ATS) from Sigma, MO, for 7 min at room temperature. Followed by the removal of the ATS completely with DI water rinse, cover slips were treated with 0.5% Glutaraldehyde (diluted in between the cover slips due to capillarity and was sandwiched with uniform thickness. Curing of the PA gel was performed for 45 mins at room temperature. The top cover slip was manually peeled off using a single edge razor. During peeling, detachment proceeded from one edge of the sandwich.
PA gels and glass were functionalized with ECM molecules, rat tail collagen (BD biosciences) at a concentration of 100 µg/ml. The surface functionalization protocol for binding collagen was described elsewhere. 28 Briefly, substrates were incubated with pure hydrazine hydrate (Sigma-Aldrich, MO) overnight. Substrates were then washed with 5% acetic acid (Sigma-Aldrich, MO) and DI water for 1 hour. Collagen was deposited on top of substrates overnight at 4⁰C at a concentration of 100 µg/ml and rinsed with PBS on shaker for 10 minutes.
All substrates were incubated at 37⁰C in culture media for 30 minutes before plating the cells. 
Proliferation assay
Proliferation assay was performed using the Click-iT EdU (5-ethynyl-2'-deoxyuridine) cell proliferation assay kit (Invitrogen, CA) according to manufacturer's instructions (http://tools.lifetechnologies.com/content/sfs/manuals/click_it_edu_imaging_kit_man.pdf). 31 Briefly, MKFs were plated on soft collagen gels and glass from a confluent T25 flask culture., After 24 hrs of culture, cells were incubated with 10 µM EdU in complete media for 60 minutes. 32 Then, cells were fixed, permeabilized, and incubated with alexa fluor 488 azides to 
Image analysis and statistical analysis
ImageJ was used for determining cell spreading area. 33 Average number of focal adhesions (FAs) per cell and average size of FAs are measured using ImageJ. 34 Student's t test was performed to evaluate statistical significance. Error was reported as standard deviation unless otherwise mentioned.
Results and discussions
Fibroblasts show augmented spreading, well defined actin stress fibers and larger focal adhesions on very soft collagen gels as if they are on stiff glass substrates
Cell spreading
Cell spreading is a known readout of cellular mechano-sensitivity to substrate rigidity. 35 Cells remain less spread/rounded on ECM functionalized polyacrylamide hydrogel substrates with low modulus (hundreds of Pa). 4, 19 Cells show a monotonic increase in area with increase in substrate rigidity unless it reaches a plateau. This maximum value and the corresponding substrate stiffness depend on cell type. 4, 32 In this study, we culture monkey kidney fibroblasts (MKFs) and 3T3 fibroblasts (3T3Fs) on collagen gels with modulus of 104 Pa and 391 Pa. The gels were ~600 µm thick ensuring that the cells do not feel the underlying rigid glass substrate.
Collagen monomer coated glass substrate (~ 70 GPa) is used as control. Interestingly, MKFs and 3T3Fs show well spread morphology on both soft collagen gels ( Figure 1A -1B) as if they are on rigid glass substrates in sparsely populated culture ( Figure 1A-1B) .
Further, we quantify cell spreading area using ImageJ. Both MKFs and 3T3Fs on soft 
Visualization of Cytoskeleton organization
F-actin structure and microtubule organizations of fibroblasts adherent to thick collagen gels and collagen monomer coated glass substrates are visualized by staining with phalloidin and anti α-tubulin antibody respectively after fixation.
Confocal microscopy imaging results suggest that fibroblasts (MKFs) exhibit large and well-organized actin stress fibers on both soft collagen gels and glass ( Figure 2A1-2A3) . Further, microtubule organization on soft collagen gels also resembles hard substrate architecture ( Figure   2B1 -2B3). Previous studies suggest that fibroblasts on ECM functionalized compliant PA gels (in a range 0.5-5 kPa stiffness) show mostly cortical actin, but no actin stress fiber. 16 Actin stress fibers become visible on stiff PA gels (~ 10 kPa) and larger, well organized stress fiber bundles are apparent on rigid glass substrate in a stiffness dependent manner. 16 Here, we show that when we replace the underlying matrix material with soft biological material, namely, collagen gels of different compliance (yet of very low modulus, 104 Pa and 391 Pa), fibroblasts are able to display hard substrate cytoskeleton architecture in addition to augmented spreading as shown in Figure 1 .
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Focal adhesions
Focal adhesions (FAs) are sites of adhesion expressed by different types of cells in culture. They provide the linkage between the ECM components to intracellular cytoskeleton (Factin) via integrin receptors. FAs are composed of a variety of proteins, such as vinculin, talin, and paxillin. 36 However, vinculin depletion leads to dramatic changes in FA sizes and also in cell functionality. [37] [38] [39] In addition, vinculin is the most abundant focal adhesion protein. 40 Hence, adherent cells on soft collagen gels and collagen monomer coated glass are labeled with antivinculin antibody and are imaged via confocal microscopy.
Interestingly, fibroblasts (MKFs) on collagen gels show discrete, elongated focal adhesions as on rigid glass substrates ( Figure 3A-3C ). Focal adhesion (FA) size and number for each condition are assessed using ImageJ. 34 Quantitative results suggest that there is no statistically significant difference in FA size and number ( Figure 3D -3E, Student's t test, p > 0.1), consistent with qualitative imaging results as shown in Figure 3A .
Cells are known to exhibit small, dot like punctate vinculin structures on compliant PA gels. 4, 9, 18 Conversely, discrete and elongated focal adhesions are characteristics of sparsely populated cell culture on very stiff gel or rigid glass substrates. 4, 9, 19 These results imply that unusual fibroblast spreading and actin stress fiber formation on soft collagen gels (Figures 1 and   2 ) is orchestrated with discrete, elongated and mature focal adhesion formation (Figure 3 ).
Cell proliferation on soft collagen gels is not correlated with hard substrate morphological and cytoskeleton organization phenotype
Substrate rigidity modulates cell proliferation rate, i.e., new DNA synthesis. 15 It is inferred that cell proliferation rate is directly coupled to cell spreading and traction force generation. 15 Hence, we ask the question whether augmented cell spreading and hard substrate 
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cytoskeleton architecture on soft collagen gels can induce increased cell proliferation rate disregarding macroscale/global material softness. We examine MKFs cell proliferation rate on collagen gels of 104 Pa and 391 Pa, soft (2 kPa) and stiff PA gels (40 kPa), and glass after 24 hrs of cell plating. Our results show that fibroblast cell proliferation rate on collagen gels is very low unlike stiff polyacrylamide gels and glass substrates ( Figure 4A-4C) . On PA gels, cells show a higher proliferation rate as substrate rigidity increases ( Figure 4C ), consistent with previously published results. 15 .
Augmented cellular spreading on soft collagen gels doesn't require YAP localization in cell nucleus
Recent discovery demonstrate that nuclear transcriptional regulator YAP plays an important role in cellular mechanotransduction. 20 Traction force mediated augmented spreading either on stiffer substrates or on larger ECM micropatterns require YAP localization at cell nucleus. 20 Conversely, for less spread cells that exert smaller traction at cell-substrate interface (either on soft PA gels or on smaller ECM micropatterns on hard substrate), YAP is primarily localized in cytoplasmic region. 20 Thus intracellular YAP localization is also tightly coupled with traction force generation. Hence, to further explore the relationship between the spread cell morphology and traction force generation on collagen gels, we label the adherent cells on collagen gels and glass with anti YAP antibody. Imaging results suggest that YAP is primarily localized in the cytoplasmic region in well spread 3T3Fs on soft collagen gels ( Figures 5A1-5A2 ). However, YAP is primarily localized in cell nucleus in well spread cells on glass, consistent with earlier observations. 19, 20 We further quantify the percentage of cells with YAP localized in nucleus. Consistent with qualitative observations, spread cells on collagen gels clearly don't require YAP localization in cell nucleus unlike cells on glass ( Figure 5C ).
HCT-8 cell clusters show increased wetting as on hard substrate and don't show MLP on soft collagen gels
In addition to single cell spreading, cellular aggregate/cluster spreading or wetting is also shown to be regulated by substrate rigidity. 24 Cell clusters exhibit poor wetting on ECM functionalized softer substrates. 24 Increased wetting of cellular clusters is observed on stiffer substrates only. 24 The hypothesized mechanism is explained with the value of a single parameter, (MKFs) show lower proliferation rate on soft collagen gels and PA gels. However, the proliferation rate is significantly higher on stiff PA gel and glass (Student's t test, p < 0.05).
Total n = 781 cells were analyzed. At least two independent experiments were performed per condition. 
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